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INTRODUCTION
Adhesion between soft interfaces is an important phenomenon in many fields of science and technology. What scientists would like to know about adhesion and surface structure depends on professional interests. In biology, the objectives are to describe the consequences of intercellular attachment on the biochemistry and function of cells. In physics, the objectives are to relate submicroscopic actions of bond formation and rupture to molecular structure and fields. To coalesce these objectives, physical probes are needed that will expose single bonds under load and test material properties of molecular structures in liquids over a force range of 0.01-1000 pN. The wide range of force arises because adhesive ligands in biology form many types of bonds to surface receptors, and these receptors are linked in many different ways to the interfacial structure (Bell, 1978; Springer, 1990; Evans, 1994) . On a quantitative scale, strengths of weak noncovalent bonds (e.g., hydrogen and van der Waals) are expected to be in the range of 10-100 pN. Surprisingly, even weaker forces below 10 pN have been found in biocellular systems (e.g., myosin/actin and kinesin motor tractions -1 pN) (Ashkin et al., 1990; Ishijima et al., 1991; Kuo and Sheetz, 1993) . Likewise, mechanical susceptibilities of biointerfacial structures span a large range in force, e.g.: <0.1 pN force will significantly extend a surface-grafted polymer or displace a membrane under low tension; a force of -20 pN is sufficient to extract a lipid-anchored receptor (Evans et al., 1991) , but a force in excess of 100 pN is needed to stretch an actin filament to its breaking point (Kishino and Yanagida, 1988 ). An important consequence of ultrasoft interfaces in biology is that surface topography is rough and lacks precise definition. Thus, there is no need to seek fine positional resolution of the interface below a level of 10 nm or more set by macromolecular structure and thermal fluctuations. Instead, the aim is to resolve forces from the extremely small to the limit of molecular strength with minimal perturbation to the native structure.
Several methods have been developed to measure weak interactions between surfaces on the submicroscopic scale. In the study of colloid interactions, a major advance has been the surface force apparatus SFA (Israelachvili and Adams, 1978; Parker et al., 1989) . This innovation has enabled measurements of uniform attractive and repulsive fields between cm-size smooth surfaces at distances from 1 to 100 nm. After widespread application to colloid interactions Pashley, 1982, 1983; Luckham and Klein, 1985) , recent investigations have included attraction between LangmuirBlodgett bilayers (Marra and Israelachvili, 1985) and fracture of molecularly bonded bilayers (Leckband et al., 1992) . Although very useful for study of smooth surfaces on a large scale, it is difficult to use SFA for study of focal interactions between biological cells. By comparison, development of the atomic force microscope AFM (Binnig et al., 1986) has shown that classical methods can image invisible textures and mechanical properties of local molecular structures. AFM technology is advancing rapidly with applications to many areas of science and technology (Drake et al., 1989; Maivald et al., 1991 (Hoh et al., 1992) . Using soft cantilevers, a recent thrust in AFM has been imaging biological structures from lipid bilayers (Zasadzinski et al., 1991) to biomolecules (Radmacher et al., 1992) and probing biomolecular bonds (Lee et al., 1994) . Other sensitive methods include observation of trajectories of two attachedspherical particles in a fluid shear field (van de Ven and Mason, 1976; Tees et al., 1993) and displacement of a microbead probe held in a laser-optical trap (Ashkin, 1992) . However, because of the more distributed nature of forces and more complicated physics, the fluid shear and optical tweezer methods have not been applied as widely as the mechanical SFA and AFM techniques.
To probe easily molecular adhesion and structure at living cell interfaces, we have developed a simple transducer that provides both the capability to measure the full range of force from 10-2 to 103 pN and the appropriate mechanical stiffness to match the soft mechanical compliance of cell surfaces. We originally devised this method to test strengths of molecular attachments formed between red cells by specific agglutinins (Evans et al., 1991 If adhesion is to be tested, the bead is next bound sparsely with a second ligand for focal attachment to receptors in the test surface. To isolate molecular adhesion sites, the density of the ligand specific to the surface receptor is reduced to a level (<100/,um') where point contact between the probe and the test surface produces infrequent discrete attachments. As docking sites for specific adhesive ligands, a simple approach is to bind a low density of streptavidin proteins to the probe and then attach a biotinylated ligand (Avidin-Biotin Chemistrv: A Handbook, Pierce Chemical, Rockford, IL). (Chemical procedures for coupling these ligands to the probe are described in detail in a manuscript by Tha, Leung, Ritchie, Narla, and Evans, to be submitted.) After chemical preparation, a suspension of beads is placed in an isolated region of the microscope chamber at very low concentration. Selected by pipette suction from another region of the microchamber, a membrane capsule is maneuvered into position above a bead on the coverglass floor of the chamber. Then, by piezo control of the pipette, the membrane capsule is pushed against the bead. The result is strong adhesion of the bead to the capsule membrane over a macroscopic area of contact as shown in Fig. 1 .
' Prescriptions for capsule stiffness depend on material characteristics of the membrane. For fluid membrane behavior (e.g., lipid bilayers with fluid acyl chains and red cell membranes at tensions in excess of the surface shear modulus, i.e., Tm 2 10-2 mN/m), tension is uniform over the capsule surface and given by S T , , = P-RP12(l -RPIR,), where Rp and R, are the pipette radius and outer capsule radius, respectively (Evans and Skalak, 1980) . Similarly, the capsule deformation under a small axial force can be readily analyzed because the unsupported shape of the membrane is a surface of constant mean curvature (Evans and Skalak, 1980 Fig. 4 for a probe positioned at various locations on the top surface of a tissue culture cell spread on the coverglass. (Note that the tissue culture cells used in the prototype tests were an immortalized line of hamster kidney BHK cells kindly provided to us by Dr. J. Piret of the Biotechnology Laboratory, University of British Columbia.) Even with some fringe degradation, probe movements are still resolvable to a few nanometers. This level of resolution is possible because there is strong reflection from the fixed spherical contour of the probe and the optical phase encoded in the pattern depends on the absolute refractive index and total path length between the probe and coverglass -not the differential value of refractive index relative to water. (Note that the average index of refraction for most cells lies between 1.33 (water) and 1.40 (e.g., the highly refractile red blood cell) as compared with -1.55 for glass.) After digitization of the video field, the reference background field can be subtracted if desired as illustrated in Fig. 4 (this step seldom is needed for weakly refractile cells). Next, the center of the fringe pattern is computed accurately, and the pattern is averaged circularly to obtain a radial section. The latter step has the effect of averaging multiple images in one field, which significantly suppresses random intensity variations and video noise in the computed image. To demonstrate the approach, circularly averaged fringe patterns found by software analysis are plotted in Fig. 4 adjacent to the direct video images. Optimal fits and the computed values of bead elevations above the coverglass are superposed on the radial sections in Fig. 4 ; also, variations predicted by ±5 nm deviations in bead elevation are added to illustrate resolution. The practical limit for cell thickness between the probe and coverglass is set by the coherence length of the microscope Hg light source (a few ,um).
Environment for prototype tests
In all of the prototype tests to be described next, red blood cells were used as transducer capsules. These cells were obtained from finger-prick blood samples suspended in 0.07 M NaCl buffers (either phosphate or HEPES, pH 7) plus 0.5% by weight BSA to prevent adhesion of the cell capsule to the holding pipette. At low transducer stiffness, fluctuations in probe position provide a very useful diagnostic to achieve gentle contact with a test surface. When contact is made with a surface, the fluctuations diminish precipitously as a consequence of the stiffness contributed by the interface. The low transducer stiffness also increases sensitivity to long-range attraction between the probe and the surface (e.g., nonspecific van der Waals forces). If long range attraction is significant, jump to contact ensues that has been well documented in studies of colloid interactions using SFA (Israelachvili and Adams, FIGURE 2 Schematic of the biointerface probe apparatus. Orthogonal microscopes image both the submicroscopic movements of the microbead probe to/from a coverglass substrate (the inverted microscope with reflection interference contrast optics) and macroscopic maneuvers of the transducer over the test surface (the horizontal microscope). A piezoelectric element accurately controls approach to/ from the test surface. A dedicated computer directs the nanoscale translation of the transducer and simultaneously analyzes the elevation of the probe above the coverglass from the interference image.
RESULTS OF PROTOTYPE TESTS
1978; Pashley, 1982, 1983; Parker et al., 1989) . Examples are shown in Fig. 6 for jump to contact through weak nonspecific attraction and soft contact with no apparent attraction. These tests were carried out in 0.07 M NaCl plus albumin, and the probe was conjugated with only a transducer glue indifferent to the coverglass coated by the serum albumin. Through the stiffness constant of the capsule transducer (i.e., membrane tension), the differential displacement 'A(zt -Zb) between transducer and probe positions specified the repulsive and attractive forces of interaction with the surface. From the data for probe force versus transducer position, we see that both long range attraction (-) Fig. 6 , there were significant variations in the range and magnitude ofthis extremely weak attraction. Most likely, the differences in jump behavior and level of attraction were caused by variations in surface roughness of the protein layers on the probe and coverglass surfaces. Because the albumin layer should be relatively thin and uniform, we suspected that bead roughness was the major contributor to steric separation from the glass substrate. Using optical measurements of bead elevations above the glass in high salt, we found that the naked latex beads appear to have a surface roughness of 42 + 3 nm, which was not increased by addition of the protein components. This implied that the proteins bound to the bead in valleys between polymer projections from the bead surface. (Note that the bead surface roughness appeared to represent a compliantfuzz because the elevation above the coverglass could be reduced to zero by pushing a naked bead directly with a pipette toward the coverglass under a large force.) Simple calculation of van der Waals attraction between a latex sphere separated by -40 nm from a glass substrate yielded jump distances and small detachment forces of -1 pN consistent with the observations illustrated in Fig. 6 .
Cell surface roughness and mechanical compliance
The compliance and roughness of a living cell interface are demonstrated in Fig. 7 by the force response sensed when the probe was driven into the thin lamellar periphery of a BHK cell spread tightly on the coverglass. Contact with the cell interface was signaled by a step in force at a probe elevation Zb -260 nm above the coverglass (Fig. 7 a) . However, as (0, Approach to (0, withdrawal from) the surface.) In a, a sharp negative step in force signaled a jump to surface contact driven by long range van der Waals attraction that reversed on separation. However, as seen in b, often contact with the surface showed no evidence of long range attraction.
seen, the rise in force covered 10-15 nm, which implied that the breadth of the interface was threefold greater than the resolution in probe position. To test compliance of the cell cortex below the interface, the probe was pushed further into the cell at a rate of -30 nm/s and, the compressive force was registered again by the differential displacement A(z, -zb) between transducer and probe positions. After large indentation of the interface with little increase in compressive force, the cell structure stiffened to resist forces of nearly 1 nN and exhibited small variations indicative of material inhomogeneities. When the transducer was retracted, the force returned to zero without attachment to the surface but pronounced hysteresis exposed viscous damping in the cytostructure (Fig. 7 b) . The ratio of surface indentation to the probe radius showed that a small region of <1 ,um in size was probed in the compression test. As contact between the bead and cell surface increased, more components of the cell structure opposed compression and produced irregularities in the force response, as seen in Fig. 7 . Using the average area of contact derived from the indentation, the maximum level of force in Fig. 7 converts to apparent values on order of 400 N/m2 (-4 x 10-3 atm) for compressive stress, which dem- FIGURE 7 Compliance of a BHK cell interface as measured by force f versus probe position Zb. In the upper figure, the probe was driven into contact with the surface of the tissue culture cell spread on the coverglass at a rate of -30 nm/s. The running average of the force data is plotted as the data points. The size of the circles is comparable with the optical resolution. Note in a that the probe force rose steeply on contact with the cell interface at a separation of Zb -260 nm and showed a breadth of -10-15 nm, indicative of surface roughness. Based on probe diameter and depth of progressive indentation, the compressive forces represented loading over a small region (<1 ,um) of the cell surface. In b, forces are plotted for unloading at the same rate (0) with the loading response superposed as the dashed curve. The hysteresis exposed viscous fluid-like properties of the cell cortex in this thin lamellar region.
onstrated the soft character of the cell cytostructure in the thin lamellar periphery.
Bond formation and attachment strength
Weak nonspecific attraction and soft contact with the test surface enable very sensitive detection of adhesive bond formation. To demonstrate molecular bonding, the probe was sparsely conjugated with a second ligand (succinyl con A) for specific attachment to a BHK cell surface. (For these tests, the environmental solution was HEPES-buffered, glucosefree Hank's.) As shown in Fig. 8 a, formation of a con A attachment was accompanied often by dynamic retraction of the receptor by the cell. This unexpected feature was immediately obvious because the cell actually pulled on the bead, extending the transducer, even as the transducer was moved toward the surface to relax the force. Also, the cell retraction force applied to the probe was erratic until the FIGURE 8 Specific adhesion to a BHK tissue culture cell produced by succinyl con A conjugated to the probe. In a, probe force is plotted for approach to the cell surface as a function of probe position. Unexpectedly, on attachment (noted by the star), the receptor was dynamically retracted by the subsurface cell structure as shown by the erratic force pulling on the probe. (Evolution of the cell response is noted by the numerical sequence 1-2-3-4-5-6.) The transducer was continued toward the cell in an attempt to null the attraction. After the retraction force on the attachment subsided, the transducer was withdrawn from the surface until the attachment ruptured as shown by the precipitous jump (arrow in b). The data for force versus probe position Zb before rupture exposed the mechanical stiffness of the receptorinterface linkage modulated by some cell-driven activity.
transducer had been moved by >100 nm toward the cell. (Although the cell actively pulled on the probe immediately after succinyl con A attachment in many cases, there were tests where this was not detected.) When the cell retraction subsided, the attachment was stressed mechanically to rupture by withdrawing the transducer, as shown in Fig. 8 b. The small displacement of the probe over the course of increasing force (-30 pN/s) imaged the mechanical compliance of the ligand-receptor-interfacial linkage and again showed some cell-driven variations. Rupture of the attachment was detected immediately when the force disappeared and the probe recoiled from the cell surface. The maximum force at separation in Fig. 8 a defined the attachment strength, which was two orders of magnitude greater than the nonspecific forces described in the previous section. In a complete study, the dependence of rupture strength on loading rate must be determined to unravel the dynamics governing failure of a single molecular attachment (Evans and Ritchie, 1994) . We have used this approach recently to examine the dynamic WF-- properties of failure for biotin-conjugated probe attachments to streptavidin monolayers immobilized on coverglass substrates (Merkel et al., 1995) . The rate of loading of attachments is varied by withdrawing the transducer from the surface at different rates. The upper bound on loading rate is set by the video-framing speed (30/s), whereas thermal drifts of the apparatus are expected to restrict slow loading of attachments to a duration of a several minutes.
CONCLUSIONS
We have described a simple apparatus and procedures for probing submicroscopic forces at biological interfaces. An important feature of the design is that transducer sensitivity can be tuned in operation to measure a wide range of force from 0.01 to 103 pN. For uniform interactions between the spherical probe and the test surface, our apparatus functions as a microscopic version of the SFA instrument developed by Israelachvili and others. On the other hand, if the microbead is studded with prominent macromolecules or colloidal-size (-10 nm) particles, a submicroscopic projection from the bead surface becomes the effective probe and interacts with a test surface like an AFM. In contrast to these established techniques, our chemically conjugated probe is not atomically smooth like the mica surfaces of an SFA, and our resolution of probe movements is not as good as that for a stiff AFM. Even so, there is no need to have atomically smooth probes or to seek ultrafine positional resolution at soft biological interfaces because these surfaces are made extremely rough by macromolecular structure and thermal fluctuations. As shown in the tests of interface compliance for a tissue culture cell spread tightly on glass, resolution of probe positions by conventional optical methods at a limit of -5-10 nm is better than definition of the cell interface. A very useful feature of our force probe is that it is easy to find and softly touch a cell surface; thus, perturbations to cell structures can be minimized, and weak adhesive bonds can be detected readily. Furthermore, the sensitivity enables detection of local activation of cytoskeletal structure that may occur as a consequence of ligand binding to a single surface receptor. As with any of the force probes (SFA, AFM, particle disjoining in fluid shear, or optical tweezers), the most illusive aspect is control of the probe surface chemistry to either be indifferent, or bind specifically, to the test surface as desired. Care must be taken to ensure that biological ligands are covalently bonded to the probe surface without physisorbed material and at sufficiently low densities to establish single molecular interactions.
